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166a Sunday, February 3, 2012The major structural component of a blood clot is a mesh of fibrin fibers, and
the mechanical properties of these fibers determine the mechanical behavior
of blood clots.
Using an atomic force microscopy (AFM)/optical microscopy technique we de-
termined key mechanical properties of fibrin fibers. We found that fibrin fibers
are among the most extensible and elastic protein fibers in nature; they can be
strained 150% before breaking and 50% before incurring permanent deforma-
tions. They have an elastic modulus of about 4 MPa and a total modulus (elastic
and viscous) of 8 MPa. They show strain hardening behavior, as they stiffen by
a factor of 2 at 100% strain. These and other data suggest a molecular model of
fibrin fibers in which the mostly unstructured alpha C-region plays a major role
in connecting fibrin monomers and protofibrils.
We also found interesting correlations between the mechanical properties of fi-
brin fibers and exercise and various diseases.
A bout of acute, strenuous exercise decreases fibrin fiber extensibility.
Fibrin fibers from old individuals with cardiovascular disease are more stretch-
able, more elastic and stiffer than those from healthy people.
Diabetes does not have a significant effect on fibrin fiber mechanical properties.
However, in these samples we found that fibrin fibers become stiffer as fibrin-
ogen concentration increases.
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Fibrin networks, the structural mesh upon which blood clots form, must elasti-
cally withstand the shear forces of blood flow and provide mechanical stability
to the clot. The mechanics of these networks are determined by the physical
properties of individual fibrin monomers and the interactions between them.
A critical interaction in the polymerization of fibrin fibers is the ‘A-a’ knob-
hole interaction. In order to investigate the mechanical response and unfolding
dynamics of the protein when pulled from the knob-hole interaction, we con-
ducted single-molecule force-clamp experiments to apply constant force spe-
cifically to the ‘A-a’ knob-hole location. This represents the first application
of the force-clamp technique to single-molecule fibrin studies. Force-clamp
provides an accurate measure of the kinetics of unfolding the g module of fi-
brin. This technique also revealed new extension patterns of multiple ~3nm ex-
tensions in fibrin at low (100pN and less) forces compared to a single extension
of ~6nm at higher forces. Free energy measurements extracted from force-
clamp experiments, DG = 21-30 kBT, agree with previous constant velocity fi-
brin unfolding studies by Averett et al. However, we discovered a non-
exponential dependence of probability of unfolding on time indicating
a more complex energy landscape than the simple two-state model. Additional
force-quench experiments have facilitated the study of the reversibility of fibrin
unfolding. The resultant information about the reversible nature of fibrin un-
folding may be helpful in creating a course-grained model for fibrin clot
behavior.
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Titin is a giant filamentous protein which, due to its sarcomeric arrangement,
molecular structure and elasticity, determines the passive mechanical proper-
ties of muscle. At low, physiologically relevant passive forces (<30 pN/mole-
cule) titin is thought to extend continuously at the expense of reducing the
configurational entropy of its tandem-Ig regions and PEVK domain. Structural
transitions, such as Ig-domain unfolding, are thought to begin only at forces
well exceeding the physiological regime, typically above 100 pN. To investi-
gate the detail in the mechanical behavior of titin in the low-force regime,
we manipulated individual native skeletal-muscle titin molecules by using
custom-built optical tweezers operating at high spatial and temporal resolution
in the constant-velocity or constant-force (force-clamp) mode.
Titin molecules, purified from rabbit longissimus dorsi, were captured with two
beads, one coated with the T12 sequence-specific antibody, and the other with
the photoreactive cross-linker sulfo-SANPAH. One of the beads was captured
in the optical trap, while the other with a micropipette, the position of which
was either moved with a constant rate or adjusted rapidly so as to maintain con-
stant force. At constant, physiologically relevant stretch rates (200-500 nm/s)
we observed discrete, step-like (~20-60 nm) structural changes at forces well
below 30 pN, prior to the onset of globular-domain unfolding. In force-
clamp stretch experiments these transitions decayed with a high-rate kineticcomponent. The low-force discrete transitions disappeared in the immediately
subsequent mechanical cycle but reappeared after a rest period, indicating that
they contribute to titin’s mechanical fatigue. This fatigue, previously attributed
to the PEVK domain, thus occurs by mechanically wearing out distinct struc-
tural elements, suggesting that long-range interactions stabilize this putative
random domain. The time- and force-scales suggest that the observed discrete
structural transitions may play an important role in sarcomeric stress
adaptation.
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Human cholesteryl ester mass can be transferred from atheroprotective high-
density lipoproteins (HDL) to atherogenic low-density lipoproteins (LDL) by
cholesteryl ester transfer protein (CETP), resulting higher probability of cardio-
vascular diseases. Finding out the mechanism of CETP in CE transferring
would be an important basis and key step toward the rational design of new
CETP inhibitors for treating cardiovascular diseases. Using electron micros-
copy, single-particle image processing and molecular dynamics simulation,
we discovered that CETP connects HDL and LDL or VLDL by penetrating
into HDL with its N-terminal domain and LDL or VLDL with its C-terminal
domain. By structural analyses, after special conformation change, the internal
pores of CETP can connect to a hydrophobic central cavity, thereby forming
a tunnel for transferring the cholesteryl ester from donor to acceptor lipopro-
teins. These new insights provide a key basis for revealing the mechanism of
CETP and designing new CETP inhibitor drugs.
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The senses of hearing and balance use hair cells in the inner ear to transform
mechanical stimuli into electrical signals. Mechanical force from sound waves
or head movements is conveyed directly to hair-cell transduction channels by
tip links, fine filaments formed by two atypical cadherins: protocadherin-15
and cadherin-23. These two proteins are required for mechanotransduction,
they are products of deafness genes, and they feature long extracellular do-
mains that are thought to interact tip-to-tip in a calcium-dependent manner.
However, the molecular architecture of the complex is unknown and recent
studies show that binding between them cannot be mediated by a classical cad-
herin interface. Moreover, the strength of this complex has not been character-
ized and the molecular mechanisms leading to cadherin-related deafness
remain unexplored.
Here we combine X-ray crystallography, microsecond-long molecular dynam-
ics simulations, and binding experiments to characterize the cadherin-23/
protocadherin-15 bond. We find a unique cadherin interaction mechanism,
with the two most N-terminal cadherin repeats (EC1þ2) of each protein inter-
acting to form an overlapped, antiparallel heterodimer. Simulations predict
that this tip-link bond is mechanically strong enough to resist forces in hair
cells. In addition, the complex becomes unstable upon calcium removal due
to increased flexure (entropic stress) of calcium-free cadherin repeats. Finally,
we use structures and biochemical measurements to understand molecular
mechanisms by which deafness mutations disrupt tip-link function. Overall,
our results shed light on the molecular mechanics of hair-cell sensory trans-
duction and on new interaction mechanisms for cadherins, a large protein fam-
ily implicated in tissue and organ morphogenesis, neural connectivity, and
cancer.
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There is tremendous interest in understanding the nanomechanical properties of
proteins and how secondary structure influences these properties. Recent
